The axial structures, the notochord and the neural tube, play an essential role in the dorsoventral patterning of somites and in the differentiation of their many cell lineages. Here, we investigated the role of the axial structures in the mediolateral patterning of the somite by using a newly identified murine homeobox gene, Nkx-3.1, as a medial somitic marker in explant in vitro assays. Nkx-3.1 is dynamically expressed during somitogenesis only in the youngest, most newly-formed somites at the caudal end of the embryo. We found that the expression of Nkx-3.1 in pre-somitic tissue explants is induced by the notochord and maintained in newly-differentiated somites by the notochord and both ventral and dorsal parts of the neural tube. We showed that Sonic hedgehog (Shh) is one of the signaling molecules that can reproduce the effect of the axial structures by exposing explants to either COS cells transfected with a Shh expression construct or to recombinant SHH. Shh could induce and maintain Nkx-3.1 expression in pre-somitic mesoderm and young somites but not in more mature, differentiated ones. The effects of Shh on Nkx-3.1 expression were antagonized by a forskolin-induced increase in the activity of cyclic AMP-dependent protein kinase A. Additionally, we confirmed that the expression of the earliest expressed murine myogenic marker, myf 5, is also regulated by the axial strucutres but that Shh by itself is not capable of inducing or maintaining it. We suggest that the establishment of somitic medial and lateral compartments and the early events in myogenesis are governed by a combination of positive and inhibitory signals derived from the neighboring structures, as has previously been proposed for the dorsoventral patterning of somites.
Introduction
During early development of the vertebrate embryo, the paraxial mesoderm that flanks the neural tube segments into transient epithelial blocks, the somites. As somitic cells differentiate, the somites are divided into a ventral mesenchymal compartment, the sclerotome, and a dorsal epithelial compartment, the dermomyotome. The sclerotomal cells delaminate and give rise to vertebrae and ribs, while dermomyotomal cells give rise to the dermis and the axial muscles (Keynes and Stern, 1988) .
In addition to these distinct cell lineages, the somite can also be divided into medial and lateral compartments. These compartments arise independently during gastrulation (Selleck and Stern, 1991) and each has a different developmental fate. Cells from the medial half somite form the epaxial muscles of the trunk and the sclerotome, while cells from the lateral half-somite give rise to the hypaxial muscles (Ordahl, 1993) . Although the cells in these compartments are derived from different regions of the primitive streak, their fates, in the newly formed somites, are determined by position rather than by lineage. Switch-graft experiments have shown that cells from the medial compartment will give rise to limb muscles when placed in a lateral position and cells from the lateral compartment will form vertebral cartilage and myotome if placed in a medial position (Ordahl and Le Douarin, 1992) .
Various murine transcription factor genes are expressed during the patterning of somites. The majority of the genes isolated have been implicated in the establishment of the dorsoventral compartments of the somite and are markers of specific cell lineages. For example, Mtwist and Pax1 are expressed in the ventral, sclerotomal compartment, while Pax3 and Pax7 are expressed in the dorsal, dermomyotomal compartment (Deutsch et al., 1988; Jostes et al., 1990; Goulding et al., 1991; Wolf et al., 1991; Fan and TessierLavigne, 1994) . The newly-identified murine homeobox gene, Nkx-3.1 (Sciavolino et al., 1997 ) is expressed in a very dynamic manner during early somitogenesis and, in contrast to the other somitic markers isolated, is not associated with a specific lineage but defines the medial compartment of early differentiating somites (Kos et al., unpublished data) .
Nkx-3.1 is a member of the NK family of genes (Kim and Nirenberg, 1989) and shares highest homology in its homeodomain to the Drosophila Nk-3 (bagpipe) gene (Kim and Nirenberg, 1989; Azpiazu and Frasch, 1993) . We showed that Nkx-3.1 expression is first detected in somites as they emerge from the presomitic mesoderm. The presomitic mesoderm itself does not express Nkx-3.1. During somite patterning, Nkx-3.1 expression starts in the ventromedial region of the youngest most caudal somite very close to the notochord and neural tube. In slightly older somites, expression extends along the whole dorsal-ventral axis of the somite but remains localized to its medial half (Fig. 1) . As the somites mature, the domain of Nkx-3.1 expression moves away from the axial structures. It becomes transiently restricted to a subset of early myotomal cells at the dorsal medial lip and is subsequently down-regulated (Kos et al., unpublished data) .
Several lines of evidence indicate that the patterning of the dorsoventral aspects of the somite is a result of a combination of inductive signals derived from the neighboring structures. Signals from the notochord and floor plate ventralize the somite and induce sclerotome formation (BrandSaberi et al., 1993; Dietrich et al., 1993; Goulding et al., 1993 Goulding et al., , 1994 Pourquié et al., 1993; Fan and Tessier-Lavigne, 1994; Johnson et al., 1994) , while signals from the dorsal neural tube and surface ectoderm seem to counteract the activity of the ventralizing signals and induce dermomyotome formation (Fan and Tessier-Lavigne, 1994; Kuratani et al., 1994) . Signals from the axial structures and surface ectoderm are also involved in the differentiation of the myotome and regulate the expression of myogenic genes (Vivarelli and Cossu, 1986; Kenny-Mobbs and Thorogood, 1987; Rong et al., 1992; Stockdale, 1994, 1995; Stern and Hauschka, 1995; Pownall et al., 1996; Cossu et al., 1996) . Recently, Sonic hedgehog (Shh), a vertebrate homolog of the Drosophila hedgehog gene, has been identified as one of the signals derived from the notochord and floor plate that has the ability to induce sclerotome and repress dermomyotome formation (Fan and Tessier-Lavigne, 1994; Johnson et al., 1994) as well as to induce myogenic bHLH gene expression in conjunction with certain Wnt gene family members .
Here, we investigated whether the establishment of the medial aspect of the early differentiating somite is also controlled by a combination of signals emanating from the axial structures by using Nkx-3.1 as a marker in somite/axial structures explant cultures. We have previously shown that in the notochord mutant Danforth's short tail, the expression of Nkx-3.1 is completely down-regulated, suggesting that the notochord and/or floor plate play a role in the regulation of this medial somitic marker (Kos et al., unpublished data) . In this study we found that Nkx-3.1 expression is regulated by the notochord as well as both the ventral and dorsal aspects of the neural tube and that Shh is one of the signals that induces and maintains Nkx-3.1 expression. Thus, we propose that the mediolateral patterning of somites is regulated in a similar fashion to the dorsoventral patterning in that they are both controlled by signals emanating from the axial structures and share some of the same signaling pathways, such as that mediated by Shh. Since Nkx-3.1's final domain of expression overlaps partly with that of the first murine myogenic marker myf 5, and thus these two genes might interact with each other, we also assayed for the expression of myf 5 in our explant cultures. We found that the expression of myf 5 also depends on signals originating from the axial structures. However, Shh on its own does not induce nor maintain the expression of this myogenic marker and down-regulates it in more mature, differentiated somites.
Results

The axial structures regulate Nkx-3.1 expression
The initial proximity of the Nkx-3.1 expression domain to the axial structures ( Fig. 1 ) led us to investigate whether these structures play a role in regulating somitic Nkx-3.1 expression. We established an in vitro tissue recombination 1 is expressed in the medial half of the somite. Transverse section of a 10.5 days p.c. mouse embryo hybridized with Nkx-3.1 and T digoxigenin-labeled probes. T is expressed in the notochord (n) and Nkx-3.1 in the somites (s). Scale bar: 60 mm.
system in which strips of the three to five most caudal somites were isolated from 9.5 days post coitum (p.c.) mouse embryos either by themselves or still attached to the axial structures. After 18-24 h in culture, the expression of Nkx-3.1 and other somite markers was assayed by wholemount in situ hybridization.
When strips of somites were cultured by themselves the expression of Nkx-3.1 was completely lost (n = 37/37) but when they were kept attached to the axial structures the expression was maintained (n = 25/30) ( Table 1 , Fig.  2A,D) . The expression pattern of Nkx-3.1 in the explants did not reproduce exactly the dynamic pattern observed by in situ hybridization to whole embryos. However, in most cases, it was localized in portions of the explants close to the axial structures that could still be morphologically identified.
To ensure that the dissection procedure was not affecting the cells that normally express Nkx-3.1, we assayed strips of somites that had been in culture only for half an hour. In these explants the expression of Nkx-3.1 was not lost (n = 8/ 8) ( Table 1 , Fig. 2B ) and the pattern was similar to the one detected by in situ hybridization of whole embryos. To ensure that the notochord was being preserved in the strips of somites that were kept attached to the axial structures, some of those explants were assayed for the notochord marker Brachyury (T) gene expression. In most cases, the expression of T was detected in these explants (16/20) (Table 1, Fig. 2E ). As a control for explant survival and maintenance of somitic character, we assayed the somite explants for the expression of mox-1. Mox-1 is expressed during early embryonic development both in the presomitic mesoderm and in somites (Candia et al., 1992) . Studies of mox-1 expression in the T wis notochord mutant showed that it is independent of this axial structure (Colon et al., 1995) . Somite explants still express mox-1 after 24 h in culture (6/ 6) (Table 1, Fig. 2C ), indicating that under our culture conditions explants are alive and capable of expressing somitespecific markers.
To investigate whether either or both the neural tube and the notochord can affect Nkx-3.1 expression, we used a recombination assay in which explants of the notochord or neural tube were placed in contact with somites or presomitic mesoderm tissue explants. Notochord and neural tube explants were isolated from stage 12-14 chick embryos because of the larger size of these tissues relative to their mouse counterparts. Mouse somite explants, combined either with the neural tube or the notochord, exhibited Nkx-3.1 expression (n = 11/11 and 7/9, respectively, Table  2 , Fig. 3A ,B). The effect of the neural tube on somitic Nkx-3.1 expression was stronger than that of the notochord. While in neural tube/somite cultures, Nkx-3.1 label was detected in all or most of the somites, only very small regions of the notochord/somites cultures were labeled. In the two notochord/somite cultures that did not express Nkx-3.1, the somite explants were recombined with portions of the notochord derived from the same axial level as the somites (not the portion lying adjacent to the segmental plate region) and isolated from older chick embryos (stage  14) . Furthermore, Nkx-3.1 expression was detected in presomitic mesoderm tissue explants when combined either with the neural tube or the notochord (n = 7/7 and 5/5, respectively, Table 2 , Fig. 3C ,D). As with the somites, the effect of the neural tube on Nkx-3.1 expression in the presomitic mesoderm was stronger than that of the notochord. Since Nkx-3.1 is expressed all along the dorsal ventral axis of stage III-V somites, we wanted to know whether the inductive signals originating from the neural tube were restricted to a certain region. To answer this question we cultured somitic and presomitic mesoderm tissue explants with ventral or dorsal portions of the neural tube from the same (adjacent to somites I-V) or from more anterior axial levels (adjacent to somites V-XI). Nkx-3.1 expression was detected in somite and presomitic mesoderm explants cultured either with the ventral (n = 7/7 and 5/5, respectively) or dorsal (n = 6/6 and 2/6, respectively) portions of the neural tube isolated from the same axial level (Table 3 , Fig. 3E,F) . However, Nkx-3.1 expression was not detected in most somite and presomitic mesoderm explants cultured either with ventral (n = 1/4 and 0/2, respectively) or dorsal (n = 1/4 and 0/4, respectively) portions of the neural tube from more anterior axial levels (Table 3) .
Shh is one of the signals that regulates Nkx-3.1 expression
Sonic hedgehog (Shh) is a cell-cell signaling molecule expressed by the axial structures which is capable of inducing the expression of ventral neural tube and somitic markers (Echelard et al., 1993; Johnson et al., 1994; Roelink et al., 1994; Fan and Tessier-Lavigne, 1994) . To investigate whether Shh can also regulate Nkx-3.1 expression, we transfected COS cells with Shh sense and antisense expression vectors and placed somite and presomitic mesoderm tissue explants in contact with these cells. Both somite and presomitic mesoderm explants exposed to COS cells transfected with sense Shh expressed Nkx-3.1 (n = 23/30 and 8/13, respectively, Table 4 , Fig. 4A,B) . The somite and presomitic mesoderm explants exposed to COS cells transfected with the control antisense Shh vector did not express Nkx-3.1 (n = 0/22 and 0/11, respectively, Table 4 , Fig.  4A,B) . To test whether more mature somites that in vivo no longer express Nkx-3.1 (somite stages X or more anterior) still had the capability of responding to Shh signaling, we isolated somites from more anterior axial levels and placed them in contact with transfected COS cells. Nkx-3.1 expression was not detected in these anterior somites exposed to COS cells transfected with sense Shh (n = 0/13, Table 4 ).
To determine whether Shh alone was sufficient to induce and maintain the Nkx-3.1 expression in presomitic mesoderm and somites, and to exclude the possible influence of other factors that might be produced by the COS cells, purified recombinant SHH was directly applied to somite and presomitic mesoderm explant cultures. A 19-kDa SHH amino-terminal fragment was added to these cultures, since the inductive properties attributed to Shh have recently been shown to reside in the amino-terminal product of SHH autoproteolytic cleavage (SHH-N) (Fan et al., 1995; López-Martínez et al., 1995; Martí et al., 1995; Roelink et al., 1995) . Nkx-3.1 expression was detected in presomitic mesoderm and somite explants exposed over a period of 6 h to SHH-N (concentration range of 0.75-0.0075 ng/ml) (n = 10/10 and 6/6, respectively, Table 5 , Fig. 5A ). However, Nkx-3.1 was not detected in older, more anterior, somites under the same conditions (n = 4/4, Table 5 ).
One of the biochemical pathways involved in the mechanism by which Shh operates includes the serine/threonine cyclic AMP-dependent protein kinase A (PKA). Studies with hedgehog signaling in Drosophila (Jiang and Struhl, 1995; Li et al., 1995; Pan and Rubin, 1995) and sclerotomal induction by Shh (Fan et al., 1995) indicate that Shh and PKA act antagonistically. To test whether the effect of Shh on the expression of Nkx-3.1 is also antago- nized by PKA, we added forskolin, a membrane permeable stimulator of adenylate cyclase, to somite and presomitic mesoderm explant cultures, to increase the levels of PKA activity before adding recombinant SHH. 50 mM of forskolin added to the medium of explant cultures reduced considerably or totally abolished the effects of SHH-N in that neither the somites nor the presomitic mesoderm tissue explants expressed Nkx-3.1 (n = 5/5 and 5/5, respectively, Table 5 , Fig. 5B ).
Regulation of myf 5 expression by the axial structures and Shh
As somites mature and cells differentiate into sclerotome, myotome and dermatome, Nkx-3.1 becomes restricted to the myotomal region, partly overlapping with myf 5's domain of expression. To compare the regulation of the expression of these two partly overlapping genes by the axial structures, we used myf 5 as another marker in our culture experiments.
Like Nkx-3.1, myf 5 expression is absent in somites that are cultured by themselves (0/15) but is present when somites are cultured together with the axial structures (14/ 15) ( Table 1, Fig. 2F ). These results corroborate previous studies carried out with chick and quail somites that indicate that signals originating from the axial structures are involved in myogenic genes regulation Pownall et al., 1996) .
To evaluate the role of Shh in myf 5 regulation, somite and presomitc mesoderm explants exposed to COS cells transfected with Shh were also assayed for the expression of this myogenic marker. In neither case was myf 5 detected (n = 0/10,0/10, respectively, Table 4 ), indicating that Shh by itself does not induce nor does it maintain myf 5 expression in pre-somitic mesoderm and newly-formed somites. However, myf 5 expression was detected in older somites from more anterior axial levels exposed to COS cells transfected with the antisense Shh message (n = 3/3), but was lost in most of those exposed to COS cells transfected with the sense Shh message (n = 2/9) ( Table 4) .
Purified recombinant SHH was also directly applied to somite and presomitic mesoderm explant cultures and assayed for myf 5 expression. Neither presomitic mesoderm nor somite explants expressed myf 5 under this condition (n = 0/3, n = 0/5, respectively, Table 5 ). While in control, older somites (not exposed to recombinant SHH) myf 5 . SHH induces and maintains Nkx-3.1 expression in a concentrationdependent manner via the PKA pathway. (A) Explants exposed to recombinant SHH for 6 h and assayed for the expression of Nkx-3.1. Upper half: somite explants; lower half: presomitic mesoderm explants; left side: 0.75 ng/ml SHH; right side: 0.075 ng/ml SHH. (B) Somite and presomitic mesoderm explants exposed to 0.075 ng/ml SHH and 50 mM forskolin for 6 h and assayed for the expression of Nkx-3.1. Scale bar: 1 mm. Fig. 6 . Shh down-regulates the expression of myf 5 in more mature somites. More differentiated somite explants (somites VII-X) cultured for 6 h and assayed for the expression of myf 5. Upper half: control; lower half: in the presence of 0.075 ng/ml of recombinant SHH. Scale bar: 300 mm. expression was detected (n = 3/3), in those exposed to the recombinant protein, myf 5 expression was very faint (n = 3/3, Table 5 , Fig. 6 ).
Discussion
A wealth of evidence obtained by a variety of experimental approaches has shown that the establishement of the different cell fates within the somite is dependent on signals emanating from the notochord, neural tube, surface ectoderm and lateral plate mesoderm. These studies have led to the proposal of models in which inductive signals provided by these structures act combinatorially or antagonistically to pattern the neighboring somite (Fan and TessierLavigne, 1994; Johnson et al., 1994; Pourquié et al., 1995 Pourquié et al., , 1996 .
We show in this study that the expression of the newlyidentified gene Nkx-3.1, a homeobox gene dynamically expressed in the medial compartment of young differentiating somites (Kos et al., unpublished data), is regulated by signals provided by the axial structures. In explant cultures, the expression of Nkx-3.1 is only observed when somites are accompanied by the neural tube and/or the notochord. Although somites cultured by themselves for 24 h do not express Nkx-3.1, they are viable and capable of expressing somite-specific markers such as mox-1. Given that the notochord has mitogenic activity (Teillet and Le Douarin, 1983) , it is possible that Nkx-3.1 expression is not maintained in somites cultured by themselves under our culture conditions, because in the absence of the axial structures somitic cells stop proliferating. The maintenance of Nkx-3.1 expression might require cell division or Nkx-3.1 itself might act by regulating cell proliferation in the medial region of the somite after having received the appropriate signals from the axial structures.
The results obtained with chicken-mouse cultures show that either the notochord or the neural tube is capable of inducing and maintaining the expression of Nkx-3.1. The fact that Nkx-3.1 expression was stronger in neural tubesomite cultures than in notochord-somite cultures raised the possibility that more than one signal originating from the neural tube could be involved. This idea is further supported by the finding that both the ventral and the dorsal parts of the neural tube (which express many markers differentially) can maintain the expression of Nkx-3.1 independently. Thus, our results are in accord with the recently proposed models of somite patterning, indicating that a combination of inductive signals from the axial structures pattern both the dorsoventral and mediolateral aspects of the somite.
The molecular basis of these inductive interactions is starting to be clarified and some of the signals involved have been identified. Shh is expressed in the notochord and floor plate and has been shown to play various roles in somite patterning, particularly dorsoventral specification of lineages. Its amino-terminal cleavage product induces the expression of sclerotomal specific genes and represses dermomyotomal genes (Fan et al., 1995) . In combination with signals provided by the dorsal neural tube such as Wnt-1 and Wnt-3, it can also induce the expression of early myotomal genes in chick explant cultures . Bone morphogenetic protein 4 (BMP4), a member of the TGFb gene family, is expressed in the chick lateral plate mesoderm and induces the lateral somitic marker Sim1 (Pourquié et al., 1996) .
The regulation of Nkx-3.1 somitic expression by the axial structures could be reproduced by co-culture with Shhexpressing COS cells or by adding recombinant SHH to the explant cultures. These results show that Shh is at least one of the signals derived from the notochord and ventral part of the neural tube that is capable of inducing and maintaining Nkx-3.1 expression in early differentiating somites. Another member of the Nk family of genes, the zebrafish nk2.2, is expressed in the embryonic forebrain and has also been shown to be regulated by Shh (Anukampa Barth and Wilson, 1995) . At present, it is not possible to determine from our experimental conditions whether the regulation of Nkx-3.1 expression is an early response to Shh signaling. The induction of Nkx-3.1 could possibly be at any position in a cascade of events triggered by Shh that leads to the mediolateral patterning of the somite.
The repression of SHH induced Nkx-3.1 expression by forskolin is similar to that observed for the sclerotomal expression of Pax-1 (Fan et al., 1995) . Although in both cases the effects of Shh can be blocked by changes in the PKA signaling pathway, it is currently not possible to discern whether Shh itself is acting directly to inhibit PKA activity, or whether other signals, such as those derived from the surface ectoderm or lateral plate mesoderm, stimulate PKA and in turn antagonize the efffects of Shh.
Even in the presence of SHH, the expression of Nkx-3.1 is lost in older, more anterior, somites. These results correspond to what is observed in vivo: only the youngest, five to seven most posterior, somites express Nkx-3.1, even though Shh is expressed all along the entire anterior-posterior axis of the embryo. The downregulation of Nkx-3.1 expression in more anterior somites could be due to a loss in compentency of somitic cells to respond to Shh. Another possibility is that an inhibitory signal is expressed in more differentiated somites or in the neural tube, which could be acting to override the effect of Shh (or both). The former possibility is supported by the failure of SHH to induce or maintain Nkx-3.1 expression in older somite strips, while the latter possibility could explain why Nkx-3.1 expression is neither induced nor maintained in explant cultures of more anterior regions of the neural tube with pre-somitic mesoderm or somites, respectively. Yet another possibility is that Shh itself becomes inhibitory as somites mature and Nkx-3.1 expression becomes restricted to a group of cells in the medio-dorsal region of the somite. Apart from its inductive properties, Shh has also been shown to have a repressive effect on somitic markers such as Pax3 (Fan and TessierLavigne, 1994; Johnson et al., 1994) .
As for the induction of Nkx-3.1 expression, we found that the expression of myf 5, the earlier murine myogenic marker, is also dependent on signals from the axial structures. This result is in agreement with previous in vivo studies that showed that the removal of the neural tube and notochord from early chick embryos results in the absence of epaxial muscle (Christ et al., 1992; Rong et al., 1992 ) and a series of in vitro studies that demonstrated that the axial structures directly promote myogenesis (as assayed by myoblast fusion and myosin heavy chain) and induce chick myogenic gene expression (Vivarelli and Cossu, 1986; Kenny-Mobbs and Thorogood, 1987; Buffinger and Stockdale, 1994; Stern and Hauschka, 1995; . In contrast, while Shh is sufficient to induce the expression of Nkx-3.1, other signals are required for the induction of myf 5. In fact, it has been shown that a combination of Shh and either Wnt-1 or Wnt-3 is capable of inducing the expression of MyoD in chick somitic tissue in vitro . It is likely that members of the Wnt family of genes expressed in the dorsal part of the neural tube might also be required in combination with Shh to induce the expression of myf 5 in murine somites.
When older, more mature somites are cultured in the presence of COS cells transfected with the control antisense Shh expression construct, the expression of myf 5 is detected, in contrast to what is observed in the younger somites. This indicates that once myf 5 expression is induced, Shh is not necessary for its maintenance. This result is consistent with experiments that showed that chick mature somites will give rise to differentiated muscle when explanted and cultured in the absence of the axial structures (Rong et al., 1992) . Interestingly, myf 5 expression is lost or considerably reduced in older somites cultured in the presence of COS cells transfected with the Shh sense expression construct or SHH, indicating that this molecule might also have an inhibitory role in the regulation of myogenesis. This result corroborates the supression of myogenesis observed when the axial structures were implanted between the neural tube and somite (Pourquié et al., 1993) or lateral to the somite (Brand-Saberi et al., 1993) . It contradicts, however, the expansion of the myotome observed when Shh was expressed ectopically by the injection of a retrovirus in the segmental plate of chick embryos (Johnson et al., 1994) . These discrepancies could be due to experimental differences in the timing and duration of exposure to Shh and/or exposure to different concentration levels of Shh.
Although axial signals, including Shh, are essential for the induction of Nkx-3.1 and myf 5, the pathways leading to their respective activations might not be the same. Transplantation studies in quail embryos suggest that the regulation of sclerotome and myotome formation is brought about by different signal/response pathways. While pax1 (used as a sclerotomal marker) induction depends on the level of maturation of the somites, QmyoD (used as a myotomal marker) induction is initially controlled by the developmental regulation of production of axial signals and subsequently by the competence of somites to respond to them (Borycki et al., 1997) .
The establishment of the medial compartment of the somite, assayed by the regulation of Nkx-3.1 expression, combines certain aspects related to the formation of the sclerotome and some related to that of the myotome (Fig.  7) . Signals from the notochord and ventral part of the neural tube, including Shh, induce the expression of Nkx-3.1 as somites form from the presomitic mesoderm. When somites start to mature, Shh, in combination with other signals derived from the dorsal portion of the neural tube, acts to maintain Nkx-3.1 expression in the medial compartment of the somite. The signaling molecules derived from the dorsal part of the neural tube could be members of the Wnt family of genes or various other genes with known signaling properties, such as Dsl-1 (Basler et al., 1993; Kingsley, 1994) , BMP4 (Liem et al., 1995; Pourquié et al., 1996) , and GDNF (Hellmich et al., 1996) . Once the different somitic lineages differentiate, inhibitory signals would act to down-regulate the expression of Nkx-3.1 in the sclerotome and restrict it to part of the myotome. These signals could be derived from the notochord and the ventral part of the neural tube, such as Shh, and/or originating from the sclerotome itself. Other inhibitory signals, possibly derived from the surface ectoderm and lateral plate mesoderm, such as BMP4 (Pourquié et al., 1996) , could be continuously acting to supress the expression of Nkx-3.1 in the lateral compartment of the somite.
The mediolateral and dorsoventral patterning of the somite are controlled by similar cellular interactions. These patterning events are brought about by a combination of inductive and inhibitory signals derived from the notochord, neural tube, surface ectoderm and lateral plate mesoderm. At least some of the signaling molecules involved in these interactions are the same. Determining the exact interplay between these signaling molecules and their underlying modes of action will elucidate the mechanisms behind the establishment of each different somitic compartment and the differentiation of their many cell lineages.
Experimental procedures
Explant cultures
Somites with or without the neural tube and notochord, neural tube and presomitic mesoderm tissue were dissected from 9.5 days p.c. mouse embryos (FVB/N) either mechanically, with the aid of insect pins (Carolina Biological Supplies) or enzymatically, with Dispase Grade I (Boehringer Mannheim, 0.25 mg/ml) in DMEM culture medium containing 10% fetal bovine serum and 1% penicillin/streptomycin (all from Gibco/BRL). The three to five most caudal somites (stages III-V, Ordahl, 1993) were isolated for most explant cultures. For cultures using older somites, the seven to ten most caudal somites were isolated. Neural tube and notochord were isolated in the same manner from stage 12-14 chick embryos (Hamburger and Hamilton, 1951) or 9.5 days p.c. mouse embryos.
Cultures were kept in glass slide culture chambers (Nunc Inc.) from 18-24h at 37°C in a 5% CO 2 environment in medium similar to the dissection medium. In certain cases, glass slides were coated with 10% poly-L-lysine so that tissues would not attach to the surface. For mouse-chicken or mouse-mouse tissue recombination cultures, tissues were transferred and grown on Nuclepore Polycarbonate membranes (13 mm membrane, 1 mm pore size; COStar) placed on the top of metal grids. All experiments were independently performed at least twice and as many as 15 times.
DNA transfection
COS cells cultured on 35-mm tissue culture dishes to 50% confluence in DMEM, 10% fetal bovine serum were transfected with 1 mg sense or an antisense vhh-1/shh expression plasmid (Roelink et al., 1994) using LipofectA-MINE (GIBCO/BRL). Transfection efficacy was from 10 to 20% as estimated by a parallel transfection with a lac-Z expression plasmid. After 15-18 h the medium was changed. After 48 h the explant tissues were placed on the monolayer of COS cells and cultured for another 24 h.
Purification of Shh recombinant protein
The DNA fragment that contains the Factor Xa recognition sequence (Ile-Glu-Gly-Arg) in frame with the mature N-terminal SHH sequence (residues 25-198) was amplified using PCR and inserted downstream of the glutathione-Stransferase gene in the pGEX vector (Amrad, Melbourne, Australia). The fusion protein was purified using glutathione beads essentially as described by the manufacturer. The purified fusion protein was digested with Factor Xa (NEB) at 4°C overnight and purified by being passed twice through glutathione columns.
Whole mount in situ hybridization
Whole mount in situ hybridization was performed according to Conlon and Rossant (1992) . Embryos and explants were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS), washed with PBS containing 0.1% Tween-20 (PBT), and bleached in 5:1 methanol/30% hydrogen peroxide. This was followed by digestion with proteinase K (5-20 mg/ml) and refixation. Sense and antisense digoxigenin-labeled riboprobes were generated from linearized templates by in vitro transcription with T3 or T7 RNA polymerases. Embryos and explants were hybridized overnight at 63°C at a probe concentration of 0.5 ug/ml, and were washed and subjected to immunohistochemical detection. Color development ranged from 2-8 h. Whole embryos were photographed, and specimens to be sectioned were restained for several hours prior to processing. These embryos were embedded in glycol-methacrylate (JB-4, Poly-Sciences) and sectioned on a glass knife (5-10 mm) according to Li et al. (1994) . The Nkx-3.1 and Brachyury (T) (Kos et al., unpublished data), myf 5 (Ott et al., 1991) , and mox-1 (Candia et al., 1992) probes were as described.
